Sedimentation velocity analytical ultracentrifugation (SV-AUC) coupled with direct computational fitting of the observed concentration profiles (sedimentating boundary) have been developed and widely used for the characterization of macromolecules and nanoparticles in solution. In particular, size distribution analysis by SV-AUC has become a reliable and essential approach for the characterization of biopharmaceuticals including therapeutic antibodies. In this review, we describe the importance and advantages of SV-AUC for studying biopharmaceuticals, with an emphasis on strategies for sample preparation, data acquisition, and data analysis. Recent discoveries enabled by AUC with a fluorescence detection system and potential future applications are also discussed.
Introduction
A dramatic increase in the number of therapeutic antibodies approved for human use has been observed over the recent decade, which has been enabled by their high efficacy with generally low level of adverse effects. As a result, today, therapeutic antibodies represent the most common class of biopharmaceutical drug products. Despite apparent clinical benefits, antibody aggregates generated during production, purification, filling into vials or syringes and the shipping and storage of antibody solutions have become a major issue to be solved, because protein aggregates have been recently recognized as a significant risk to the patient, as they potentially can elicit immune responses in vivo. Rosenberg suggested that aggregates of recombinant therapeutic proteins may induce immunogenicity (Rosenberg 2006) . Therefore, the presence of aggregated antibodies needs to be properly monitored and the amount should be minimized, which is now required from regulatory agencies and is recognized as an important subject in pharmaceutical companies . This is of particular importance when considering the formulation of highly concentrated antibody solutions (greater than 50 mg/ mL) in a small volume (less than 1 mL), conditions which can further promote aggregation, but are relatively common for therapeutic proteins formulated in prefillable syringes, an increasingly popular format for delivering biopharmaceuticals (Krayukhina et al. 2015) .
Antibody aggregates range from tens of nanometers to hundreds of micrometers and are classified into four categories based on their size (Narhi et al. 2012) : nanoparticles, particles with diameters less than 100 nm; submicron particles, particles with diameters between 100 nm and 1 μm; subvisible particles, particles with diameters between 1 μm and 100 μm; and visible particles, particles with diameters larger than 100 μm. Unfortunately, no instrument can cover the whole size range. An additional challenge is posed by the fact that no protein aggregate standards of a known particle size and concentration are available, and therefore the evaluation of protein aggregates using orthogonal methods based on different detection principles, which provide distributions of aggregates in a specific size range with absolute concentrations, is highly recommended (den Engelsman et al. 2011 ). In the past decade, substantial progress has been made in the development of orthogonal methods suited to this task. Methods that are currently used for the characterization of protein aggregates in different size ranges are summarized in Fig. 1 . From the early twenty-first century, sedimentation velocity analytical ultracentrifugation (SV-AUC) has begun to be well recognized and adopted by the pharmaceutical industry to quantitatively characterize antibody aggregates (Lebowitz et al. 2002; Berkowitz 2006; Liu et al. 2006; Arakawa et al. 2007; Gabrielson et al. 2007; Pekar and Sukumar 2007; Philo 2009; Gabrielson and Arthur 2011; Berkowitz and Philo 2015) , in particular, soluble antibody aggregates with diameters less than 100 nm (now referred to as nanometer particles) (Narhi et al. 2012) .
Another critical aspect of antibody therapeutics is the relationship between the sizes of the antigen-antibody complex, or immune complex (IC), and its role in the immune system, such as inducing secretion of inflammatory cytokines from immune cells. It has been described that some diseases, such as serum sickness, were caused by the presence of ICs of certain sizes (Abbas et al. 2017) . For the case where, due to oligomerization, an antigen has multiple antibody-binding sites, cross-linking of antibody molecules mediated by antigen-antibody interactions could occur, leading to the formation of large ICs. These ICs could induce a FcγR-mediated signaling pathway in immune cells, which may further activate the immune system. A number of commercially available therapeutic antibodies are directed against oligomer-forming antigens. Among them are adalimumab and infliximab, monoclonal antibodies to tumor necrosis factor (TNF), which is capable of forming trimer, and, therefore, as a prerequisite, the sizes of the respective ICs require proper evaluation. Even though IC size distribution may be solely determined by the dissociation constant existing between antigen and antibody, and also the valency of the epitope, for therapeutic antibodies, the size distributions of IC remain to be investigated. However, an important analytical milestone was the recent measurement of size distributions of ICs for the three TNFantagonists at a clinically relevant concentration of a therapeutic antibody (i.e. close to that in blood serum), as revealed by AUC with a fluorescence detection system (AUC-FDS) (Krayukhina et al. 2017) . The elucidated size distributions may help identify a role of ICs in immunogenicity of therapeutic antibody in patients.
Limitations of size exclusion chromatography (SEC)
Assessment of aggregates in pharmaceutical formulation has been typically performed by size exclusion chromatography (SEC). However, it was demonstrated that even small soluble antibody aggregates cannot completely pass through the SEC column and thus remain uneluted, primarily due to proteincolumn matrix interactions, which leads to underestimation of the aggregate content in antibody solutions (Carpenter et al. 2010; Krayukhina et al. 2013) . As shown in Fig. 2 , this issue is often encountered not only for higher oligomers, such as hexamer and decamer, but also for small aggregates, such as dimer and trimer, when heat-, stir-, and/or agitation-stressed samples are analyzed, partly owing to the high adhesive property of the aggregates. In contrast to SEC, AUC is a columnfree first-principle technique, in which aggregates separation is achieved through the equilibrium established between centrifugal, frictional, and buoyancy forces, and the measured size distributions of sedimentation coefficients most accurately reflect those in the original formulations. It is sometimes seen that estimates of aggregation content resulting from SEC are different from those obtained by SV-AUC (Fig. 2) . Another concern related to the application of SEC for quantification of aggregates in pharmaceuticals samples is the discrepancy between the initial formulation and the composition of the mobile phase in SEC. By increasing concentration of salt in the eluent, improved resolution of peaks can be achieved, but it can also trigger aggregation or induce dissociation of reversible aggregates during SEC measurement (Philo 2006; Arakawa et al. 2010) . Comparison between amounts of monomer and aggregates in intravenous immunoglobulin (IVIG) products detected by SV-AUC using two different buffers used in SEC analyses indicates a trend toward larger monomer content under high ionic strength SEC buffer conditions compared with lower ionic strength phosphate-buffered saline (PBS) (Fig. 3) . Nevertheless, SEC can offer significant advantages in application to aggregate quantification, which include the speed, sensitivity (limit of quantification of 0.1% aggregates compared with 0.6-1.0% in the case of SV-AUC), and high reproducibility. These features make SEC a highly appealing approach for routine use and large-throughput applications. Thus, even though SEC remains a primary method for aggregate analysis, it is strongly recommended that AUC should be applied to verify SEC quantitative estimates (den Engelsman et al. 2011; Carpenter et al. 2016) .
Approaches for aggregate quantification by SV-AUC
Much progress has been made over the last decade in developing a method to characterize therapeutic antibody aggregates by SV-AUC. Several critical factors that influence quantitative results have been identified which can be classified into three major categories: sample, measurement, or data analysis-related. Some important aspects of assessment of aggregates in therapeutic antibodies in liquid formulation has been described previously (Cordes et al. 2016) .
Potential compositional differences between the initial formulation, which can contain salt at a high concertation and/or excipients to achieve long-term stability and a solvent desirable for reliable quantification, can be attributed to the main sample-specific factor. Thus, in AUC experiments performed using reference solutions containing low salt concentration, such as 10 mM sodium chloride which is common for antibody drugs, non-ideal sedimentation behavior due to electrostatic repulsion between molecules can lead to inaccurate quantification. Sugars and polyols, frequently added to enhance conformational stability, co-sediment together with the antibody in the centrifugal field of about 130,000g (estimation for radial position of 6.5 cm at 42,000 rpm), forming timedependent density and viscosity gradient.
Antibody molecules can exhibit inter-molecular interactions at concentrations higher than 1 mg/mL. Nevertheless, the c(s) analysis-the most commonly used approach for the SV-AUC data analysis-is based on the superposition of noninteracting Lamm equation solutions (Schuck 2000) , and, to yield the most accurate results, factors that account for deviation from ideal conditions should be considered. For the above reasons, the initial assessment of aggregates using SV-AUC should be performed under ideal sedimentation conditions, which comprise 0.6-0.9 mg/mL antibody solutions with 50-150 mM of added NaCl and a pH buffered by a component identical to that used in the preparation of the solution for the measurement. The typical concentrations of therapeutic antibodies in liquid formulations are at least 5-10 mg/mL and in pre-filled syringes they exceed 50 mg/mL (Uchiyama 2014) . At a concentration of 10 mg/mL, the average center-to-center intermolecular distance of antibody molecules is approximately 29 nm, which is equivalent to a 12-nm edge-to-edge distance assuming 17 nm for the antibody molecular size, whereas, at a concertation of 51 mg/mL antibody molecules come into close contact with a near-zero edge-to-edge distance (Fig. 4) . These solutions therefore exhibit quite crowded conditions and require dilution prior to the SV-AUC measurement. However, in certain cases, direct measurements at a formulation concentration may be desirable for minimizing potential changes upon dilution. SV-AUC of the undiluted drug product can provide useful information for understanding the complex behavior of antibody molecules in high concentration solutions, but it creates substantial challenges in experimental design and data analysis, as discussed further below. The ideal sedimentation conditions can be achieved through dilution using an appropriate solvent, which minimizes the effect of sugars on the sedimentation of the antibody while providing appropriate buffer and salt concentrations. It should be noted that dilution often promotes dissociation of aggregates into smaller species, depending on both the time and the dilution rate (Fig. 5) . When SV-AUC is performed for the purpose of estimation of aggregates in the initial formulation, measurements should be initiated immediately after dilution (the so-called Bdilute and shoot approach^), whereas incubation for prolonged periods of time might be required to estimate values at an equilibrium.
In this section, we will discuss measurement-related critical factors, which influence quantitative estimation of antibody properties. For the most accurate results, the performance of the AUC instruments, usually Optima XL-A or Optima XL-I (Beckman-Coulter), should be periodically checked to ensure highest possible noise-to-signal ratio. Thus, to accurately quantify trace amounts of aggregates using absorbance optics, root-mean-square deviation (rmsd) of the noise should be below 0.01 for a signal of 1.0 absorbance units, which is achieved by ensuring that the 230-nm peak in the emission spectrum of xenon flash lamp has high intensity (at least 10,000 counts) (Krayukhina and Uchiyama 2016) . Moreover, as variations in noise level affect the accuracy of the measurement ( Fig. 6; Table 1 ), the noise level should be minimized and the highest possible characteristic intensity of the lamp should be maintained throughout its operational life.
AUC cell assembly components, including centerpiece, windows, and cell housing, also have an ability to influence SV-AUC quantitative results Gabrielson et al. 2010; Gabrielson and Arthur 2011) . Scratches present on the window surfaces give rise to spikes in the SV data, which can be somewhat corrected for by enabling time-invariant noise decomposition during c(s) data analysis ). Nevertheless, for the most accurate quantification, Right The concentration dependence of the average intermolecular center-to-center distance between antibody molecules careful handling to avoid scratches is recommended. Low quality of centerpieces, and scratches on the channel surfaces, can cause convection during the run. Similar to the effects of convection caused by inadequate temperature equilibration prior to the start of the experiment, analysis of such data can result in a higher rmsd value, and ultimately contribute to large variability of replicate measurements. Figire 7 demonstrates that estimates derived from experiments using low-quality centerpieces deviate from those obtained using high-quality centerpieces. Another factor influencing AUC measurements variability is an internal misalignment of centerpiece channels relative to the axis of rotation or overall misalignment of cell assemblies upon placement in the rotor Gabrielson et al. 2010 ). These issues have been addressed by implementing new manufacturing practices for higher-quality centerpieces (Gabrielson et al. 2010 ) and development of a mechanical alignment tool ), a commercially available analog of which is available from Spin Analytical and is now routinely employed for high-precision aggregates measurement. Recently, a new custom-made optical tool allowing additional improvement of cell alignment has been described (Doyle et al. 2017) . Generally, in relation to aggregates quantification, AUC data are analyzed using the sedimentation coefficient distribution c(s) model implemented in the SEDFIT program. Using simulation data, the limit of quantification (LOQ) for antibody dimer by SV-AUC was determined to be 0.6% (Gabrielson et al. 2007 ), whereas 3.7% aggregation was reported based on the approach described in ICH Q2 using c(s) distributions for three different proteins (Gabrielson and Arthur 2011) . Overall, as the LOQ depends on the amount of data acquired and the desired degree of precision, it is suggested that, for SV-AUC, the LOQ should be considered as dynamic, rather than a static characteristic (Gabrielson and Arthur 2011) . As a practical approach for c(s) distributions, which reveal the presence of up to four non-interacting discrete species, the significance of minor peaks can be evaluated using an F-statistics calculator, implemented in SEDFIT (Wafer et al. 2016) . Figure 8 and Table 2 show the result of c(s) analysis of an IVIG solution. Among three minor peaks (fragment, dimer, and trimer), dimer was found to be statistically significant, whereas fragment and trimer were statistically insignificant. Numerous antibody drug solutions contain 5-10% of sugars and polyols, such as sucrose, mannitol, and sorbitol, in order to isotonically balance to physiological osmotic pressure and/or enhance the antibody conformational stability. In high centrifugal fields applied in the AUC experiment, these excipients co-sediment with protein molecules, generating inhomogeneities in terms of the density and viscosity of the supporting solvent environment. These inhomogeneities can affect sedimentation behavior and can lead to erroneous quantification of aggregates. When appropriately accounted for by employing c(s) analysis with the inhomogeneous solvent option selected, this effect can be mitigated and accurate estimations can be derived ). Figure 9 shows the results of conventional c(s) and c(s) with inhomogeneous option analyses for human serum albumin formulation containing 5% sorbitol. As can be seen, the amount of aggregation is underestimated in cases of conventional c(s).
AUC-FDS
Implementation of the fluorescence detection system in AUC has significantly extended the dynamic range, enabling analysis of high-affinity protein-protein interactions with picomolar equilibrium dissociation constants (K D ) values and highly concentrated solutions (MacGregor et al. 2004; Kingsbury and Laue 2011; Zhao et al. 2013b; Zhao et al. 2014b; Chaturvedi et al. 2017a) . The applications of AUC-FDS are summarized in Table 3 . In addition, AUC-FDS offers unique means for studying macromolecules in complex biological environments, such as blood serum (Demeule et al. 2009; Kingsbury et al. 2012; Hill and Laue 2015; Krayukhina et al. 2017) or cell lysates (Kroe and Laue 2009). A number of differences in the experimental setup and technical aspects exist between AUC-FDS and conventional detection using absorbance or interference detection. In AUC-FDS, a reference solution is not required, allowing for simultaneous measurement of up to 14 samples. Despite this advantage, additional sample processing is required. The component of interest needs to be labeled using an appropriate fluorescent probe. The most common AUC-FDS system utilizes excitation at 488 nm and emission at 505-565 nm, while a few alternative systems are capable of operating in the 375-980 nm range (Desai et al. 2016; Chaturvedi et al. 2017a) . If AUC-FDS is used to study protein-protein or ligand-protein interactions, it has to be verified that attachment of the fluorescent dye does not affect the binding abilities. At low loading concentrations, to suppress nonspecific adsorption to the centerpiece walls and window surfaces, carrier protein at lower concentrations should be added to sample solutions. The obtained data can exhibit FDS-specific features such as small temporal signal drift due to fluorescent dye photo-bleaching or time-dependent fluctuations in laser power (Zhao et al. 2013a ).
The above difficulties can be easily overcome by careful design and performance of the experiments and associated data analysis, leading to truly exceptional results (Zhao et al. 2014a; Chaturvedi et al. 2017a) . It has been shown previously that, due to the large number of data points acquired during a typical SVexperiment, meaningful results can be derived even when boundary amplitudes are comparable with the stochastic noise of the data acquisition (Zhao et al. 2012) . Thus, the c(s) analysis of the data obtained for 500-pM Alexa-Fluor 488-labeled adalimumab, which do not show any discernible sedimentation boundaries and exhibit considerably low signal-tonoise ratio, leads to a well-defined sedimentation coefficient distribution with the major peak being consistent with a monomeric adalimumab form (Fig. 10) , as has been Fig. 8 The significance of minor peaks in the c(s) distribution as evaluated using F-statistics calculator of SEDFIT. Left resulting c(s) distribution; right same data analyzed using non-interacting discrete species model of SEDFIT Fig. 9 Comparison of the results of conventional c(s) and c(s) with inhomogeneous option analyses applied for human serum albumin formulation containing 5% sorbitol. The result of conventional c(s) analysis (blue) and that for c(s) with inhomogeneous option analysis (red) are indicated demonstrated at nanomolar and micromolar concentrations (Krayukhina et al. 2017) . The loading signal at 500-pM adalimumab is approximately 174.5 counts, whereas the rmsd are 31.1 counts. The K D of binding between an enhanced green fluorescent protein and its monoclonal IgG antibody of 20 pM was determined using FDS (Zhao et al. 2014b) , highlighting the potential application for protein-protein interactions at low concentrations in the pM-nM ranges. Moreover, high hydrodynamic resolution of AUC coupled with high-selectivity fluorescent detection can yield more reliable results compared with traditional methods for measuring high-affinity interactions, such as surface plasmon resonance and isothermal titration calorimetry (Chaturvedi et al. 2017a) . A recently reported approach using photoswitchable fluorescent proteins demonstrated characterization of heterogeneous multi-protein complexes at previously unthinkably low concentration ranges Chaturvedi et al. 2017b ). In addition, to address growing concerns from regulatory agencies regarding potential immunogenicity of therapeutic proteins, AUC-FDS can be conveniently employed to evaluate antibody-antigen interactions in close to in vivo conditions (Krayukhina et al. 2017 ).
Challenges of AUC application for characterization of highly concentrated solutions Difficulties of both conducting measurements and data analysis arise when attempting to perform SV-AUC of highconcentration antibody solutions. During data acquisition of such solutions, large refractive index gradients generated at the sedimentating boundary result in the phenomenon called BWiener skewing^ (Gonzalez et al. 2003) , where light entering a cell is refracted away from the path of entry, thereby producing a somewhat sharp peak at the concentration gradient. This peak cannot be completely removed from the data, and, therefore a reliable data analysis cannot be accomplished. Wiener skewing can be mitigated by employing a 3-mm centerpiece, with a path length equal to one-quarter of a standard 12-mm centerpiece, allowing for characterization of an antibody solution at concentrations as high as 24 mg/mL (Nishi et al. 2010) . Nevertheless, even when SV-AUC data can be successfully acquired for a highly concentrated antibody solution, data analysis by applying the conventional Lamm equation usually provides poor fitting results with a high rmsd value due to large deviations from thermodynamic ideality. Considerable efforts have been made to account for the effects • Characterization of high-affinity self-and hetero-associations: determination of sub-nanomolar equilibrium dissociation constants values • Characterization of multi-protein complexes formation using labeled subunits
• Characterization of macromolecules in complex biological environments, such as blood serum and cell lysates of non-ideality. Thus, in the program SEDANAL, hydrodynamic non-ideality coefficients have been incorporated to describe the concentration-dependence of apparent sedimentation and diffusion coefficients (Stafford 2016) . By using SEDANAL, the hydrodynamic non-ideality coefficients were successfully determined for a 40-mg/mL solution of BSA and a 20-mg/mL solution of γ-globulin (Correia et al. 2016 ).
To study a weak self-association of antibodies in highly concentrated solutions, an alternative to SV mode of AUC analysis, sedimentation equilibrium AUC (SE-AUC), can be applied. Using SE-AUC, self-interactions of antibodies at a concentration of 100 mg/mL (Liu et al. 2005 ) and up to 125 mg/mL (Jimenez et al. 2007 ) have been described. In the latter study, the approximate models for fitting the measured equilibrium concentration gradient were employed, where nonspecific repulsive protein-protein interactions were approximated as a function of antibody concertation.
Composition gradient static light scattering (CG-SLS) is another approach to investigate self-and hetero-associations of proteins at high concentration (Attri and Minton 2005) . By using CG-SLS, the second virial coefficient of the IgG-IgG interaction was determined over the range of concentrations up to >150 mg/mL (Kress et al. 2016) , allowing assessment of the extent of intermolecular interactions and thus being a useful tool for the rational formulation development (Saito and Uchiyama 2016) .
Conclusions
SV-AUC is an orthogonal to the SEC method for quantification of small protein aggregates. By employing a SV-AUC approach based on well-documented experimental operation and data analysis procedures, while taking into consideration the important aspects described here, we can estimate the amount of aggregated protein present in the formulation with high reliability and reproducibility. Although characterization of highly concentrated antibody solutions still poses major challenges, the behavior of a therapeutic protein at low concentrations in the picomolar to nanomolar range can be adequately assessed by employing AUC-FDS, which is also emerging as an unprecedented tool for protein-protein interaction studies in complex biological environments.
